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Nuclear  reactor  pressure  vessel  materials  are  subject  to  progressive  reductions  in  fracture 
resistance  in  service  due  to  neutron  Irradiation.  Current  technologj'  is  insufficient  to  quantita- 
tively predict  radiation  embrittlement  for  all  typical  materials  and  their  metallurslcal  variations 
for  neutron  fluences  of  Interest.  .-Vnother  needed  refinement  to  radiation  effects  technology 
involves  the  establishment  of  a relationship  between  apparent  notch  ductlUtj-  and  fracture 
toughness  in  the  Irradiated  condition.  The  current  NRIr-BPRI  RP886-a  iSogram  was  formulated 
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20.  Abstract  (Continued) 

to  advance  both  areas  for  the  benefit  of  reactor  vessel  design  and  operation.  An  immediate 
objective  Involves  the  development  of  a high  quality*  data  base  for  the  evaluation  of  current 
radiation  embrittlement  projection  methods  and  the  development  of  improved  methods, 

This  report  documents  program  highlights  and  accomplishments  during  CY  1977  and  plants, 
for  the  forthcoming  second-year  investigation. 
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THE  ^^RL-EPRI  RESEARCH  PROGRAM  (RP886-2) 
EVALUATION  AND  PREDICTION  OF  NEUTRON  EMBRITTLEMENT 
IN  REACTOR  PRESSURE  VESSEL  MATERIALS 
ANNUAL  PROGRESS  REPORT  FOR  CY  1977 


SUMMARY 


The  NRL-EPRI  RP886-2  Program  was  formalized  on  January  10,  1977. 

This  report  documents  the  highlights  and  accomplishments  of  the  NRL 
research  efforts  and  in\7%stigations  during  CY  1977,  the  first  year  of 
program  operation. 

The  initial  three-year  effort  focuses  on  radiation-induced  property 
changes  to  reactor  pressure  vessel  materials  typical  of  past  as  well  as 
current  commercial  production  practices.  Radiation  effects  are  being  in- 
vestigated by  standard  Charpy-V  (Cy),  fatigue  precracked  Charpy-V  (PCC,,) . 
and  compact  toughness  (CT)  test  methods.  Primary  accomplishments  during 
CY  1977  relate  to:  (1)  project  design  and  materials  selection,  (2)  speci- 
men production,  (3)  acquisition  and  development  of  the  materials  irra- 
diation facility,  (4)  conduct  of  the  initial  materials  irradiation  experi- 
ments, and  (5)  development  of  plans  for  postirradiation  materials  evalua- 
tion. 


Research  plans  and  expected  accomplishments  for  CY  1978  are  also 
summarized. 

I.  INTRODUCTION.  J.  R.  Hawthorne 

The  Naval  Research  Laboratory  (NRL)  and  the  Electric  Power  Research 
Institute  (EPRI)  have  entered  Into  a cooperative  research  and  develop- 
ment program  on  materials  and  material  applications  for  nuclear  energy 
systems  with  emphasis  on  material  safety,  reliability,  and  environment 
capabilities.  The  current  (initial)  effort  focuses  on  radiation-induced 
property  changes  to  steels  and  weld  metals  used  in  the  construction  of 
reactor  pressure  vessels.  Properties  under  study  are  notch  ductility, 
fracture  toughness,  and  strength.  Primary  objectives  are:  (a)  to  develop 
a data  base  for  the  evaluation  of  current  radiation  embrittlement  pro- 
jection methods  and  for  the  development  of  Improved  procedures,  (b)  to 
investigate  the  relationship,  if  one  exists,  between  radiation  effects 
measured  by  the  test  method  and  fracture  mechanics  test  methods, 

(c)  to  determine  the  radiation  embrittlement  sensitivities  of  a broad 
range  of  reactor  pressure  vessel  materials  (plates,  forgings,  welds), 
and  (d)  to  assess  the  effects  of  selected  composition  variations. 


Not*:  M«nuicript  jubmitt^d  March  7,  1973. 
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This  report  summarizes  highlights  of  the  first  year's  effort  in- 
cluding project  design  and  materials  selection,  acquisition  and  develop- 
ment of  the  materials  irradiation  facility,  initial  irradiation  opera- 
tions, and  planning  for  postirradiation  testing  and  analyses.  The 
present  set  of  Investigations  has  a three-year  timeframe  with  completion 
scheduled  for  January  1980. 

ri.  MATERIALS.  J.  R.  Hawthorne 

Materials  Selection 

The  selection  of  materials  for  the  program  was  accomplished  jointly 
by  NRL  and  EPRI  representatives.  Eight  materials  were  chosen  for  the 
investigations  and  include  two  plates  of  A533-B  steel,  one  plate  of  A302-B 
steel,  one  forging  of  A508-2  steel,  and  four  submerged  arc  welds  (Table  1) . 
The  plates  and  forgings  ware  among  those  commercial  materials  evaluated  by 
the  EPRI  RP232  Program  earlier;  accordingly,  preirradiation  material  pro- 
perties are  documented.  The  A533-B  plates.  Codas  CAB  and  CBB,  permit  a 
comparison  of  USA  and  European  manufacturing.  The  A302-B  plate.  Code  N, 
also  is  known  as  the  .•\STM  A302-B  reference  correlation  monitor  material 
(1)  which  has  seen  wide  usage  in  reactor  vessel  surveillance  programs. 
Program  objectives  for  the  welds  include  assessments  of  the  effects  of 
specific  composition  variations  and  upper  shelf  energy  variations.  That 
is,  the  detrimental  effects  of  a high  copper  content  {^>.157.  Cu)  on  radia- 
tion resistance  compared  to  an  Intermediate  copper  content  ('^'.18/.20X  Cu) 
are  to  be  investigated  (2).  Likewise,  the  significance  to  radiation  re- 
sistance of  a high  (>122J)  C^  upper  shelf  energy  (preirradiation)  produced 
by  one  type  of  welding  flu.x  compared  to  a relatively  low  (81  to  95J)  C^ 
upper  shelf  energy  produced  by  another  commonly  used  flux  is  to  be  ex- 
plored. Three  of  the  experimental  welds  are  being  produced  by  Combustion 
Engineering,  Inc.,  under  EPRI  contract,  using  representative  commercial 
production  practices,  .\rrangements  for  securing  Weld  4 (Table  1)  have 
not  yet  been  completed. 

Test  Matrix 

The  irradiation  test  matrix  is  Illustrated  in  Table  2 and  was  de- 
veloped by  NRL  and  EPRI  on  15  April  1977.  Each  of  the  twelve  irradiation 
experiments  will  include  standard  C^  specimens,  fatigue  precracked  C^^ 
specimens,  and  1-in.  compact  toughness  (ITCT)  specimens  for  notch  ductility 
and  fracture  toughness  determinations.  The  three  fluence  levels  (n/cm' 

>1  MeV)  selected  for  study:  1 to  2 x 10^3^  vg  x 10^^,  and  3 to  4 x 10^'^, 
respectively  represent  initial  reactor  vessel  service,  early  vessel  life, 
and  end-of-llfe  conditions.  The  8 x 10^®  fluence  condition  was  specially 
chosen  for  its  correspondence  with  the  knee  of  the  radiation  embrittle- 
ment versus  fluence  trend  curve  observed  with  other  comparable  materials. 

Table  2 indicates  a primary  program  emphasis  on  Weld  1 and  Plate  CAB 
as  reference  materials.  Based  on  composition,  it  is  anticipated  that 
Weld  1 will  exhibit  the  poorest  postlrradlatlon  properties  and  radiation 
resistance  of  all  the  materials  for  any  given  fluence  condition.  Plate 
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TABLE  1 


MATFRtALS  SELECTED  FOR  INVESTIGATION 


TV£e 

Availabllicy 

Status* 

A533-B 

(.U.S..Code  CAB) 

At  )JRL 

In-Reactor 

A533-B 

(Forcljtn  made. 

Code  CBB) 

At  NRL 

Specs.  Machined 

A508-: 

<.U.S.,  Code  BCB) 

At  NRI. 

Specs.  Machined 

A302-B 

(USS  Ref.. Code  N) 

At  NRL 

Not  cut 

S/A  Weld  <)1 

(^.30  Cu,  Low  Shelf) 

Not  Availabale 

CE  Fabricating 

S/A  Weld  i>2 
(>.30  Cu,  HI  Shelf) 

Not  Available 

CE  Fabricatin.c 

S/A  Weld  '1*3 

(. 13/.20  Cu,  Low  Shelf) 

Not  Available 

CE  Fabricating 

S/A  Weld 

(.13/. 20  Cu,  Hi  Shelf) 

Not  Available 

? CE  Fabrlcatii 

A 


As  of  31  December  l'>77. 
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TABLE  2 


IRRADIATION  TEST  MATRIX  AND  PRIORITIES 


FLUENCE^  AT  288°C  (550°F) 


Material  1-2x10 


A533-B  X 

(CAB) 

A533-B 

(CBB) 

A508-2 

(BCB) 

A302-B  X 

(USS,  N) 

Weld  1 XX 

(2:.  30  Cu,  Low  Shelf) 

Weld  2 (a)*^  X 

(i.30  Cu.  Hi  Shelf) 

Weld  3 X 

(.18/. 20  Cu,  Low  Shelf) 

Weld  4 

(.18/. 20  Cu,  Hi  Shelf) 

^n/cm"  >1  MeV. 

“irradiation  Experiment  Priority. 

An  option  considered  for  Experiment  No.  12. 


^.8xl0' 


X (//!)' 


X (»/4  or  5) 


X (</4  or  6) 
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3-4x10-^^ 


X (#2) 


X (02) 


X (f/4  or  5) 


CAB,  on  Che  ocher  herni,  represencs  improved  prodnocion  macerial  end 
should  exhibic  relacively  high  radiacion  resiscanoe.  As  pare  ot  Che 
overall  macerials  plan,  cherraal  concrol  cescs  will  be  conduoced  co  reveal 
Che  effeocs  oc  CSS'^C  cetnperacure  condicioning  in  che  absence  of  irradia- 
cion.  Fhe  plan  is  co  limic  such  evaluaclons  co  chac  aging  condicion 
corresponding  co  che  longesc  of  che  reaccor  irradiacion  exposures. 

Macerial  .■ivailabilicy  and  Specimen  Cuccing 

The  chree  place  macerials  and  che  forging  ;nacerial  only  have  been 
received  ac  .VRL  chus  far  (Table  1).  Wich  che  excepcion  of  Place  Code  N. 
specimen  cuccing  and  machining  operacions  have  been  compleced  for  che 
available  macerial.  In  che  case  of  chermal  concrol  specimens,  final 
machining  will  be  accomplished  afeer  Cemperacure  condicioning.  In 
addicion,  facigue  precracking  operacions  on  PCC^  and  CT  specimens  have 
been  undercaken  on  an  "as-needed"  basis  co  recain  program  flexibllicy. 

The  delivery  of  Weld  1 will  be  required  by  1 .March  1978  co  maincain 
che  planned  macerials  irradiacion  schedule  (.see  Seccion  III  below>. 

Lacer  deliveries  of  Welds  2,  3,  and  4 are  permicced.  However,  ic  should 
be  recognized  chaC  che  conduce  of  preirradiac ion  condicion  cescing  in 
advance  of  irradiacion  experimencs  is  highly  desirable,  especially  in 
che  case  of  newly  fabricaced  macerial  such  as  che  welds. 

III.  REACTOR  F.\CILI'n-  .AND  OPER.ATIONS.  H.  E.  WaCson  and  J.  R.  Hawchorne 

Facilicy  .Acquisicion 

The  schedule  of  evencs  leading  up  co  che  acquisiclon  of  che  irr.idia- 
Cion  facilicy  cor  che  EPRI  Program  is  derailed  in  Fig.  1.  .Alchough  che 
NRL-EPRI  concracCual  agreemenc  was  noc  finalized  uncil  Januarv  l'^77, 
che  inlclal  process  of  securing  and  qualifying  a new  facilicy  began  in 
May  197o. 

The  flrsc  sice  considered  for  che  NRL-EPRI  irradiacion  program  was 
che  .Massachuseccs  Insclcuce  of  Technologv  (,MIT)  Reaccor.  This  reacCor 
was  ulcimacely  rejecced  because  of  ^a^  excessive  gamma  heaclng,  (,b'> 
irradiacion  space  llmicaclons,  (c''  poor  access  Co  che  core  ^sealed  core'', 
(d)  high  cosc,  and  (.e^  an  undesirable  locacion  for  Che  concrol  console 
(i.e.,  concaminaced  area). 

Upon  rejeccion  of  che  MIT  Reaccor,  ocher  opcions  were  invescigaced. 

The  several  reaccor  faclllcles  considered  included  chose  ac  che  Univer- 
sicy  of  Virginia,  che  Universicy  of  Norch  Carolina.  Georgia  InsciCuCe  of 
Technology,  che  Universicy  of  Missour i , Lowell  Technical  Inscicuce,  che 
Induscrlal  Reaccors  Laboracory.  che  Union  Carbide  Research  Cencer,  and 
che  Oak  Ridge  Naclonal  Laboracory  (.ORNL)  . When  all  faccors  were  evaluaced, 
che  Bulk  Shielding  Reaccor  (.BSR)  ac  ORN'L  appeared  co  be  che  besc  reaccor 
for  che  lrr.adlaclon  program. 

The  BSR  is  a governmenc-ownied  facilicy;  cherefore,  Ic  cannoc  compece 
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with  privacelv-oweJ  re.iccor  raclltcies.  Ber\'rc*  i c^’iitrao:  oimU  be 
oacabllshtfd  tor  Irradiation  services.  It  was  necessarv  to  v'rove  to  the 
Departnient  ot  Fnei\<y  chat  private  tac Hides  which  could  rnoet  the  re- 
qulretaencs  or  this  program  wore  not  available.  This  was  accomplished 
and  a contract  was  established  In  M.»v  l'>". 

Upon  tlnalicatlon  ot  the  contract,  an  experiment  review  .;uest lonnalre 
was  submitted  to  ORNL  Reactor  Satejtuards  Oomani  t tee . Htls  Oomimittee  has 
Che  responsibility  for  all  experiment  designs  and  temperature  control 
concepts  as  well  as  control  consoles  ntd  must  .<lve  Its  approval  before 
anv  Irradiation  experiment  can  be  performed.  .V  person. »l  appearance  betore 
Che  Board  was  necessarv  before  fin.il  approv.il  w.is  jjranted  the  NKL  experi- 
ment design  and  external  control  system.  Trior  to  this  meetin*;.  the 
proposed  NRL  console  was  modified  to  meet  the  Wnowti  requirements  of  OKNl 
and  shipped  to  the  reactor  In  preparation  for  Instal lat ion. 

Official  approval  of  the  Oonunlctee  vcas  secured  on  dO  IVcember  W”; 
the  preliminary  qamma  heat  survev  experiment  was  Inserted  in  the  reactor 
on  the  same  day.  .\  special  nevitron  flux  mapping  experiment,  described  In 
Che  next  section,  was  completed  In  advance  of  this  survev.  On  db  IVoember 
Che  gamma  heat  survev  experiment  was  discharged  and  Immediatelv  replaced 
with  the  first  NRL-ETRI  materials  irradiation  experiment.  This  initi.il 
experiment  has  confirmed  the  adequacy  of  the  irradiation  assemblv  av'.d 
control  system  design. 

Neutron  Flux  Surx'ev 

In  accordance  with  NRL  routine  procedures  for  qualifvtng  .i  new  ir- 
radiation facility,  a nevitron  flux  survev  of  the  proposed  bSK  tacilltv 
fBSR  was  performed.  The  objectives  were  threefold:  va''  to  establish 
the  ambient  neutron  flux  levels  in  the  facility,  to  identifv  the 

vertical  and  hori.rontal  flux  gradients,  and  v.c>  to  determine  the  proper 
elevation  of  the  specimen  assembly  in  the  reactor  core  piece  to  receive 
Che  most  uniform  neutron  exposure.  Normally,  Information  on  neutron  flux 
conditions  in  Individual  facilities,  available  from  re.»>-tov  operations, 
represents  either  flux  approximations  or  extrapolations  from  nearlv  faci- 
lities and  cannot  be  relied  upon  tullv.  i 

The  experimental  unit  designed  for  the  flux  survev  consisted  of  two 
blocks  of  carbon  steel  simulating  the  active  specimen  volu;i>e  In  the  mate- 
rials irradiation  assemblv  and  three  aluminum  blocks  tFlgure  2’'.  The 
aluminum  blocks  served  to  displace  the  reactor  coolant  w.irer  from  that 
volume  normallv  taken  up  bv  voids  In  the  irradiation  assemblv.  The  longi- 
tudinal holes  at  corner  and  center  positions  received  the  flux  monitor  jj 

Cubes  containing  Fe,  Nl,  v'o.Vl . and  .ig.-ll  wires.  * 

The  initial  survev  irradl.vtlon  involved  a t'l.Hv^  kilowatt  hour  expo-  . 

sure.  The  dosimeter  wires  were  analvred  at  Che  Radiation  v'.nmtlng  labor.v- 

tory  of  Euid  Idaho,  Inc.  In  Fig.  2.  the  doslmetrv  results  clearlv  indi-  ! 

cate  that  the  materials  Irradiation  assemblv  should  be  positioned  two 


Fiji.  2 - Schenwtic  design  of  experimental  unit  developed 
for  neutron  flux  surveys  in  the  3SR.  Flux  monitor  tubes 
were  placed  in  the  longitudinal  holes  located  at  the  as- 
sembly corners  and  center.  Flux  intensities  v'l 
>1  MeV  X 10^“^  over  the  assembly  length  in  the  center 
monitoring  location  are  also  shown. 


the  neutron  t’Lux  ov^r  the  nctive  .specimen  volumes  will  be  between  4.0 
.ind  4.5  X n/cm*‘-sec  (’L  MeV)  .iccordlnn  to  the  center  monitor  results 

Also,  the  vertical  flux  gradient  over  most  of  the  .ussemb ly  should  be 
within  10  percent  of  the  averaxe. 

Because  of  a mlsunderstandlnx , tiie  spi'clfled  fuel  configuration  about 
the  experimental  f.icllltv  was  not  provided  for  the  flux  survev  experi- 
ment. Tluit  Is,  fuel  was  provl>led  on  only  three  .uut  not  .ill  sides  of  the 
facility  as  required.  As  a result,  a r.ither  larxe  tmrlzontal  flux  grad- 
ient Is  noted  from  the  doslmetrv  data.  A repeat  flux  survev  Irradiation, 
using  tlie  requested  fuel  conf Igurat  Ion,  has  since  been  conducted;  however 
the  results  are  not  yet  available. 

In  addition  to  selected  fuel  adjustments,  an  alternate  tecl\nlque  for 
balancing  neutron  fluences  is  often  used  by  NRL.  I'hls  method  involves 
the  rotation  of  the  experimental  assembly  bv  180  degrees  .it  .i  point  mid- 
way through  tlie  .scheduled  Irradiation  period.  Hec.iuse  of  the  H.SR  re.u’tor 
core  piece  c.onf Iguratlon  and  space  limitations  however,  onlv  the  upper 
hall  of  the  NRL-RPRI  experiments  can  bo  rotated  for  this  purpose.  Never- 
theless, the  multi-specimen  nature,  of  the  assemblies  makes  It  possible 
to  mlnlml.ze  gr.adlent  effects  by  experimental  arrangement. 

Gamma  Heat  Survey 

Paralleling  the  neutron  flux  survey,  .i  gamma  he.it  survev  is  requlri'd 
for  a new  Irradiation  facility  to  complete  essentl.il  Inform.itlon  on 
ambient  exposure  conditions.  Objectives  of  the  survev  In  thl.s  cas.-  .ire 
(a)  to  qualify  Che  gamma  heating  conditions  which  must  be  haiulU'd  bv 
the  experiment  temperature  control  system,  .ind  ibl  to  .issess  the  he.it  Ing 
gradients  which  must  be  overcome  by  the  Ir r.id  lat  1 on  as.s«'inblv  design.  I'he 
NRL  approach  entails  the  construct  ion  .ind  Irr  id i .it  Ion  I'f  .i  hlghlv  instru- 
mented specimen  assembly  of  the  proposed  design  evolved  from  g.imm.i  he.u - 
Ing  projections.  In  this  Instance,  the  proposed  specimen  l.ivout  for  uppe 
and  lower  experiment  units  Is  shown  sidiemat  leal  ly  In  Pig.  >.  The  upi>er 
unit  contains  4 ITCT,  I tensile,  .ind  h t\,  specimens;  the  lower  unit  v.-on- 
talns  3 ITCT,  I tensile,  6 .ind  10  I’CC^  specimens.  To  f.iclllt.ite  he.it 
transfer  between  specimens,  each  specimen  .irr.iv  Is  unitized  througli  use 
of  a common  stoe.L  framework  and  clamping  .irrangement . 

The  first  attempt  to  survey  the  gamma  heating  In  the  HSR  f.icllltv 
was  onlv  partially  successful  In  that  one  of  the  two  experiment  units 
experienced  a Leak  In  the  outer  containment.  Although  the  Inner  con- 
tainment remained  Intact,  the  leak  precluded  any  controlled  temperature 
operation  of  that  unit.  (The  leak  was  subsequently  traced  to  a longi- 
tudinal seam  weld  failure  Introduced  by  a last  minute,  on-slte  .iddltlon 
of  welded  spacer  pieces.  This  was  done  at  the  reque.st  of  the  BSR  Safetv 
Review  Board).  The  performance  of  the  lower  unit,  however,  did  prove 
that  the  temperature  control  system  was  capable  of  handling  the  pro- 
posed Irradl.Jtlon  experiment  needs  under  reactor  st.irtup  conditions  and 
under  normal  operating  coiuiltlons.  Tlie  lower  unit  .»lso  Indlc.tted  that 
the  experiment  design  w.is  gener.illy  satlsfactorv  with  reg.ird  to  specimen 
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♦ aSR  RECORDER 

• Survey  exp  i 

Fig.  3 - Schematic  showing  proposed  specimen  configuration 
In  the  material  Irradiation  experiment.  Temperature  patterns 
observed  with  the  lower  unit  of  the  gamma  heat  survey  exper- 
iment (numbers  In  parentheses)  and  with  the  Initial  materials 
Irradiation  experiment  are  shown.  The  one  temperature  deter- 
mination marked  (BSR  recorder)  Is  In  question  because  of  un- 
certain Instrument  calibration. 


V 


temperature  patterns.  Based  on  these  tentative  observations,  a decision 
was  made  to  proceed  with  the  same  design  for  the  initial  material  ir- 
radiation experiment.  System  temperature  control  capabilities  and 
assembly  temperature  patterns  were  subsequently  confirmed.  Figure  3 
compares  temperatures  obtained  with  survey  experiment  No.  1 (numbers 
in  parentheses)  and  materials  irradiation  experiment  No.  1.  Based  on 
the  latter,  the  irradiation  assembly  design  is  now  being  fine-tuned  for 
optimum  temperature  uniformity. 

Irradiation  Schedule 


The  materials  irradiation  schedule  established  for  CY  78  and  CY  79 
is  shown  in  Figs.  4 and  5.  Irradiation  priorities  were  determined 
jointly  by  NRL  and  EPRI  and  take  into  account  the  nonavailability  of 
the  four  submerged  arc  welds  during  1977.  As  noted,  the  simultaneous 
use  of  two  irradiation  facilities,  beginning  on  or  about  1 June  1973, 
is  planned.  Concurrent  Irradiation  operations  will  be  necessary  if 
all  twelve  required  experiments  are  to  be  completed,  including  testing, 
within  the  three-year  timeframe  allotted  for  this  phase  of  the  study. 

To  provide  simultaneous  irradiation  capabilities,  NRL  is  making  arrange- 
ments for  a second  BSR  experiment  facility.  The  construction  of  a 
duplicate  experiment  control  system  also  will  be  necessary.  Twin  systems 
were  not  called  for  by  the  original  program  plan. 

IV.  FRACTURE  TOUGHNESS  TEST  PLANS.  F.  J.  Loss  and  J.  R.  Hawthorne 
Overview 


The  primary  program  objectives  stated  in  the  introduction  are  ampli- 
fied here  in  the  context  of  notch  ductility  and  fracture  toughness  test 
methods  to  be  applied,  including  C^,  PCC^,  and  ITCT  methods.  The  major 
emphasis  is  upon  definition  of  toughness  trends  relative  to  the  brittle- 
ductile  transition  regime  as  a function  of  fluence  level,  product  form, 
chemical  composition,  and  test  method.  Limited  studies  are  planned  for 
the  upper  shelf  regime  as  specimen  numbers  permit.  Unfortunately,  the 
small  numbers  of  specimens  chat  can  be  included  in  each  experimental  ir- 
radiation assembly  may  prevent  establishment  of  material  property  trends 
to  the  accuracy  desired;  in  this  case,  follow-on  studies  may  be  required. 

The  testing  for  a given  material  condition  will  be  performed  with 
respect  to  specimen  type  in  the  order  of  C^,  PCC^,  and  ITCT.  Before 
Investigating  an  irradiated  material,  baseline  data  for  the  unlrradiated 
condition  first  will  be  established  with  each  specimen  type.  The  inde- 
pendent variable  for  each  group  of  specimens  is  Che  choice  of  test 
temperatures.  This  variable  will  be  determined  with  input  from  a statis- 
tician. The  irradiation  assemblies  themselves  have  not  been  designed 
purely  by  statistical  methods;  however,  a statistical  analysis  of  all 
the  results  can  still  be  performed  and  is  expected  to  provide  additional 
information  relating  to  the  significance  of  the  resui  s.  This  analysis 
will  be  performed  by  a related  EPRI  program. 
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The  objective  of  the  Cy  tests  is  to  assess  the  embrittlement  charac- 
teristics of  each  material  condition  by  a conventional  method  and  thereby 
provide  an  index  of  the  data  from  this  program  to  procedures  (3,4) 


currently  used  in  fracture  safety  analyses.  These  tests,  when  augmented 
by  drop  weight  tests  of  the  unirradiated  condition,*  will  define  the 
radiation-induced  elevation  in  the  reference  temperature,  as  used 

in  ASME  Section  III.  Assessments  of  the  degradation  in  upper  shelf  energy 
with  irradiation  will  also  be  performed.  As  a major  objective,  these 
trends  will  provide  a data  base  with  which  to  evaluate  embrittlement  pro- 
jections set  forth  by  ^^RC  Regulatory  Guide  1.99  (4). 

There  will  be  twelve  Cy  specimens  available  from  each  irradiation 
experiment.  The  test  temperatures  for  these  specimens  will  be  chosen 
so  as  to  define  the  full  Cy  curve  that  Includes  both  the  transition  and 
upper  shelf  regimes.  Tentatively,  three  Cy  specimens  only  will  be  allo- 
cated for  upper  shelf  regime  tests.  Depending  on  material  preirradiation 
upper  shelf  level  (high  or  low),  the  first  four  Cy  specimens  of  each 
experiment  will  be  tested  as  follows,  based  on  the  estimated  postirradi- 
ation transition  behavior: 

Material  Type  Material  Codes  Test  Temp.  Equivalent 

High  Upper  Shelf  CAB,  CBB,  BCB,  W2 , W4  C^  27-41  J (20-30  ft-lb) 

Cy  68-81  J (50-60  ft-lb) 

Cy  102-122  J (75-90  ft-lb) 
Cy  upper  shelf 

Low  Upper  Shelf  N,  Wl,  W3  Cy  14-27  J (10-20  ft-lb) 

Cy  41-48  J (30-35  ft-lb) 

Cy  61-75  J (45-55  ft-lb) 

Cy  upper  shelf 

The  remaining  specimens  will  be  applied  to  delineate  the  full  C^  curve 
with  particular  attention  given  to  establishing  the  Cy  41  J (30  ft-lb) 
and  Cy  68  J (50  ft-lb)  transition  temperatures.  Unless  data  scatter  is 
small,  upper  shelf  testa  will  be  conducted  at  one  temperature  only.  The 
estimation  of  postirradiation  behavior  in  advance  of  testing  will  be 
guided  by  prior  NRL  experience  on  similar  materials  and  material  composi- 
tions, and  by  currently-used  methods  for  projecting  radiation  embrittle- 
ment (4,5).  Schedule  permitting,  specimen  testing  will  not  be  Initiated 
until  neutron  dosimetry  results  for  that  experiment  are  available. 

The  hot  cell  machine  to  be  used  for  all  postirradiation  Cy  and  PCCy 
tests  was  rechecked  for  calibration  in  August  1977  using  specimens 
supplied  by  the  Army  Materials  and  Mechanics  Research  Center  (AMMRC) . 

The  drop  weight  test  identifies  the  material  nil  ductility  tran- 
sition (NDT)  temperature. 
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Based  on  the  results,  AMMRC  has  certified  the  machine  as  acceptable 
for  inspection  testing  for  a period  of  one  year  (6).  Similar  calibra- 
tion tests  are  scheduled  for  the  relocated  out-of-cell  machine  for  pre- 
irradiation  (reference  condition)  Cy  and  PCCy  tests.  Rechecks  of 
calibration  will  be  performed  in  the  future  as  necessary. 

Precracked  Charpy-V  Tests 

These  specimens  will  be  tested  dynamically  in  accordance  with 
procedures  developed  in  an  earlier  EPRI  program  (7).  Each  irradiation 
experiment  will  provide  ten  PCC^  specimens.  A plan  for  the  specific 
test  temperatures  has  not  yet  been  formalized;*  however,  tests  will 
focus  on  the  transition  regime  as  in  the  C test  plan  above.  It  is 
anticipated  that  the  PCC^  specimen  car  define  dynamic  fracture  tough- 
ness  (Ktj)  in  the  transition  region  to  a value  of  approximately  110 
MPa* m (luO  ksirTn. ),  using  the  J-integral  method  up  to  the  point  of 
maximum  load.  The  specimen  size  is  too  small  to  measure  a valid  frac- 
ture toughness  (by  ASTM  E-399  criteria  for  static  tests)  above  a value 
of  approximately  A4  MPa*'m  (40  ksi*'in.).  Consequently,  the  J-integral 
approach  must  be  used  to  project  a Kjj  from  these  tests  for  levels  in 
excess  of  this  value.  This  procedure  is  believed  to  be  acceptable 
only  when  fracture  initiates  in  a cleavage  mode.  This  type  of  fracture 
can  be  easily  interpreted  from  available  instrumentation  and  will  de- 
fine the  point  of  crack  initiation  (i.e.,  a single  specimen  J_,  test). 

' lu 

Tlie  curve  thus  established  will  be  assessed  in  terms  of  the 
curve  of  ASME  Section  III.  In  addition,  the  results  will  enable  a 
comparison  to  be  made  between  the  embrittlement  trend  projected  by  the 
Cy  test  and  that  defined  by  a fracture  mechanics-type  test  that  is  more 
directly  relatable  to  the  critical  flaw  size  and  stress  level  in  a 
structure.  Unfortunately,  the  limited  thickness  of  the  PCCy  specimen 
will  permit  definition  of  only  the  beginning  of  the  postirradiation  Kjj 
curve  in  the  transition  region.  Nevertheless,  the  measured  trends  will 
permit  a partial  verification  of  the  temperature  shift  of  the  curve 
with  irradiation  that  is  currently  determined  from  the  Cy  specimen  in 
terms  of  ARTj^P^. 

Compact  Toughness  Tests 

These  specimens  will  be  tested  in  the  static  mode  with  the  primary 
objective  being  to  define  the  postirradiation  curve  in  the  tran- 
itlon  region.  Besides  defining  this  behavior  for  irradiated  material, 
the  results  will  permit  conclusions  to  be  drawn  as  to  whether  or  not 
the  temperature  shift  (AT)  between  unirradiated  and  Irradiated  condi- 
tion C , or  PCC  , curves  (dynamic  tests)  is  Identical  to  the  tempera- 
ture sKift  between  the  irradiated  and  unirradiated  condition 


The  plan  for  postlrradiation  PCCy  testing  currently  is  being 
evolved  at  NRL. 
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curves  (static  test).  Current  application  of  ^^RC  Regulatory  Culde  1.9<) 
assumes  the  latter  correlation  to  be  1:1.  However,  the  data  in  Guide 
1.99  relate  strictly  to  the  irradiation-induced  shift  in  the  curve, 
which  Is  generally  taken  to  be  based  upon  dynamic  toughness  data. 

Each  Irradiation  experiment  Includes  seven  ITCT  specimens  (Fig.  2). 
Ihe  current  plan  for  material  of  high  upper  shelf  energy  is  to  test 
five  specimens  at  four  temperatures  in  the  transition  region  and  hold 
the  remaining  two  in  reserve.  A decision  to  commit  these  specimens  to 
the  transition  or  upper  shelf  regions  will  be  made  upon  review  of  the 
results.  For  the  materials  of  low  upper  shelf  energy,  it  is  planned 
to  test  four  specimens  at  four  temperatures  in  the  transition  region, 
test  one  specimen  on  the  upper  shelf,  and  hold  the  remaining  specimens 
in  reserve. 

Test  temperatures  in  the  transition  region  will  be  chosen  initially 
to  result  in  Kj , values  of  55,  110,  lb5,  and  220  NiTa*  m (50,  100,  150, 
and  200  ksl*  in.*)  in  the  transition  region,  thereby  defining  the  tough- 
ness range  of  major  interest.  The  curve  for  the  unirradiated  mate- 
rial will  provide  guidance  as  to  the  slope  of  the  postirradiat ton  Kj, 
curve  whereas  the  temperature  shift  between  the  unirradiated  and  ir- 
radiated condition  Cy,  curves  will  provide  an  estimate  for  the  absolute 
position,  temperature  wise,  of  the  postirradiation  tCy  curve. 

It  is  currently  proposed  to  test  only  the  low  shelf  material  on 
the  upper  shelf.  From  past  experience  it  is  judged  that  the  high  shelf 
materials  will  exhibit  such  a high  upper  shelf  toughness  as  to  be  more 
than  sufficient  to  meet  the  requirements  of  an  accident  analysis. 
Therefore,  it  appears  more  productive  to  commit  tlie  limited  specimen 
inventory  to  a better  definition  of  toughness  trends  in  the  transition 
region.  For  tests  that  are  conducted  on  the  upper  shelf,  a primary 
objective  will  be  to  express  the  toughness  in  terms  of  C\,  energy.  Tills 
information,  when  augmented  by  additional  data  from  future  tests,  will 
enable  a quantitative  Interpretation  of  the  upper  shelf  energy  from 
specimen  results  of  reactor  surveillance  capsules. 

The  ITCT  specimens  will  be  investigated  in  terms  of  the  J-integral 
approach  using  the  unloadlng-compl iance  method.  In  this  way,  ^ values 
can  be  interpreted  from  the  Jj,  values  when  the  E-3‘^9  thickness  criterion 
for  valid  Kj,  tests  has  been  violated.  In  some  cases  a test  mav 
result  directly  from  tests  at  low  temperatures  in  the  transition  region. 
In  other  cases  the  fractures  may  exhibit  a cleavage  initiation  while 
violating  the  £-39**  linearity  requirements  of  the  load  versus  deflection 
record.  IVhen  this  occurs  the  specimen  becomes  a single  specimen 
test,  as  previously  discussed  for  the  PCC^  tests,  and  a Kj ^ value  can  be 
predicted.  .At  higher  temperatures  in  the  transition  region  and  on  the 
upper  shelf,  crack  initiation  will  be  by  ductile  tearing  so  that  a d-R 
curve  approach  must  be  used  to  define  Due  to  the  limited  specimen 

numbers  available,  it  is  essential  that  Ihis  R cvirve  be  established  from 
a single  specimen  test  which  is  possible  with  the  unloading-compliance 
technique . 
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FLg.  6 - Compact  Toughness  (.CT)  Test  Specimen  Design 


In  order  to  apply  the  unioddlng-compllance  r.ethod,  the  notch  region 
or  standard  E-j9'>  speoirien  design  has  been  nodified  to  perf.i:  the  ose 
of  knife  blades  to  t\ini3ii:e  friction  in  the  raeasurenenc  of  load-line 
deflection.  The  specimen  design  is  illustrated  in  ?ig.  6.  In  some  cases, 
the  specimen  thickness  will  be  reduced  from  15.-  to  I-.l  mr.  vl.OC  to 
in.^  to  permit  a greater  flexibilitv  in  the  3SI\  irradiation  assemblv 
design.  This  small  change  is  not  expected  to  have  an  appreciable  effect 
on  the  results,  .in  additional  specimen  modification  necessitated  bv  the 
irradiation  assembly  design  was  the  inclusion  of  two  small  holes,  parallel 
to  the  holes  for  the  specimen  loading  pins,  but  above  and  below  the  path 
of  crack  propagation  »,see  Fig.  6'' . .in  analysis  bv  the  Lawrence  Livermore 
Laboratoo'  (.LLL)  has  shown  that  these  holes  do  not  present  a problem  with 
respect  to  perturbing  the  plastic  field  that  would  develop  from  the  notch 
tip  without  Che  holes.  The  analysis  by  lLL  is  continuing  for  the  case  of 
face  grooves  in  the  specimen.  The  use  of  face  grooves  is  being  considered 
as  a potential  option  for  the  specimen  design  if  it  can  be  shown  that  this 
modification  produces  a result  chat  can  be  more  readilv  related  to  the 
behavior  of  a structure  of  different  geometry  chan  the  specimen  without 
face  grooves. 


V.  FLAMS  FOR  a’  1973 

Experimental  plans  for  CY  73  include  the  following  efforts  and 
objectives: 

1.  Complete  preparation  of  required  specimens  from  chose  materials 
now  on  hand;  fabricate  required  speclm.ens  from  'Velds  I,  2.  }, 
and  ■*  as  they  become  available. 

2.  .Acquire  and  develop  a second  3SR  experiment  facility  to  permit 
simultaneous  Irradiation  operations. 

3.  Construct  and  irradiate  materials  experiments  numbers  I through 
7 in  accordance  with  established  priorities. 

«*.  Commence  poscirrad iat ion  testing  of  materials  experiments 
numbers  I to  3,  5 and  o. 

3.  Conduct  prelrradiacion  condition  (reference)  tasting,  as 
required,  on  .materials  now  available. 

Research  findings  and  accomplishments  during  this  period  will  be 
documented  in  the  second  annual  progress  report. 
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